During unconventional resources exploration, ignoring shale anisotropy may lead to wrong seismic interpretations, thus affecting the accuracy and credibility of sweet spots prediction and reservoir characterization. In order to investigate the impact of shale anisotropy on the seismic wavefield, we propose a quantitative evaluation method by calculating the waveforms' amplitude and phase deviations. Based on the 3D elastic wave equation and the staggered-grid finite-difference method, the forward modeling theory with the consideration of shale anisotropy is established. Then, we use the envelope misfit (EM) and phase misfit (PM) parameters to illustrate the differences in waveforms' amplitude and phase morphology, which are caused by anisotropy. Lastly, by comparing the waveforms of the models with/without anisotropy and calculating their EM and PM values, a practical and quantitative evaluation method is constructed. We used synthetic models of different complexity and oilfield models to validate the proposed method. Through the research, we also gained some new insights about the anisotropy's effects. For a certain medium model, the impact of shale anisotropy on seismic wavefield is complicated and needs specific analysis. The proposed method provides a useful and quantitative tool for the evaluation of shale anisotropy's impact.
Introduction
At present, more and more attention is paid on the research of unconventional resources exploration [1, 2] . Unconventional resources, especially shale oil and gas, are realistic backup resources to meet the demand for fossil energy [3] . The shale oil and gas deposits are mainly stored in tight shale rocks or mud rocks. Shale is a sedimentary rock which is composed of fine debris, clay, and organic matter with a particle size of less than 0.0039 mm [4] . Rock physics research shows that shale has strong anisotropic characteristics (up to 70%) [5, 6] and most shale reservoirs currently developed have distinct seismic anisotropy [7] [8] [9] [10] [11] [12] .
Due to the strong seismic anisotropy of shales, seismic waves propagating through it will be influenced and changed. Therefore, if anisotropy is ignored, interpretations may lead to wrong models. Carcione [13] analyzed the influence of formation anisotropy on the amplitude of reflected seismic phases (PP and PS) and found that anisotropy of shale must be considered in AVO (amplitude variation with offset) analysis. Research in borehole microseismic monitoring for the hydraulic fracturing [14, 15] concluded that failure to account for the shale anisotropy results in significant microseismic event location errors, and methods must be developed to circumvent the effects of anisotropy or to determine the anisotropy parameters. Tsvankin [16] reviewed state-of-the-art in modeling, processing, and inversion of seismic data for anisotropy media and concluded that the anisotropy has a strong influence on seismic data, especially for the shear and mode-converted wavefields. Through the forward modeling research based on VTI (vertical transversely isotropic) acoustic wave equation, Sun [17] found that anisotropy has large influence on the phases and amplitudes of seismic waves and must be considered when processing seismic data. Meléndez-Martínez and Schmitt [18] illustrated that the problems introduced by attempting to use Poisson's ratio to estimate fracture gradient are even further from reality once anisotropy is included. Malehmir and Schmitt [19, 20] developed an algorithm to solve reflectivity, transmissivity, velocity, and particle polarization in the case of elastic anisotropy, and found that the tilt of the symmetry planes of anisotropic geological formations will influence observations in AVAz (amplitude versus azimuth) field studies, and knowledge of this tilt becomes essential to fully understand the properties of the subsurface.
In recent years, there has been growing interest in shale anisotropy. However, only few studies have been performed on shale anisotropy's effects on 3D elastic seismic wavefield and quantitative evaluation method. Compared with the acoustic wave, an elastic wave formulation is likely to be a more realistic representation of the behavior of real seismic waves. The quantitative evaluation of anisotropy can identify the observation area where the detectors are less affected by the shale anisotropy. Then in these areas, less affected by anisotropic nature of the substrate, we can apply traditional seismic interpretation and processing method to the selected seismic data, thus improving the accuracy and reliability of sweet spots prediction and reservoir characterization. In this paper, based on the 3D elastic wave equation and the staggered-grid finite-difference method [21, 22] , the seismic wave forward modeling theory with shale anisotropy was established. Then, by calculating the deviations in waveforms' amplitude and phase which are caused by anisotropy, we developed a quantitative evaluation method. Lastly, we set several models according to the shale reservoir characteristics or the actual oilfield in China, added different levels of anisotropy to them, and applied the proposed method to analyze the shale anisotropy's effects on their seismic wavefield.
Methodology

Forward Modeling for 3D TTI Model
Considering the shale's strong anisotropy characteristics, the assumption of the isotropic medium is inappropriate, and the adoption of transversely isotropic media is currently recognized as a more reasonable description of shale media [23, 24] . In our study, the calculation of the seismic wavefield is based on the elastic wave equation:
where u represents the particle's displacement, ρ and F are the medium's density and the external force, respectively, c ijkl is the stiffness matrix in Hooke's law and represents the relationship between stress and strain. Considering the symmetry of stress and elastic coefficient tensors, and assuming that the medium is vertical transversely isotropic (VTI), the stiffness matrix c ijkl can be simplified as:
Energies 2019, 12, 4412 3 of 20 using the weak anisotropy hypothesis proposed by Thomsen [25] , the elastic parameters in (2) can be transformed to:
where f = 1 − v 2 s z /v 2 p z , ε, and δ represent the difference of P-wave velocity in the direction of vertical, horizontal, and 45 • , i.e., the measurement of P-wave anisotropy, δ represent the anisotropic strength of S-wave, v p z and v s z are the velocity of P-and S-wave along the vertical (depth) direction, respectively. From Equations (2) and (3), we can see that for the VTI medium, there are six stiffness parameters and five of them are independent with each other.
Equations (1)-(3) establish the elastic wave forward modeling theory of VTI medium (vertical transversely isotropic, i.e., medium with vertical symmetry axis). For TTI medium (tilted transversely isotropic, i.e., medium with tilted symmetry axis), we can make use of its spatial inclination and perform a coordinate transformation to calculate the seismic wavefield.
In this paper, we use the staggered-grid finite-difference method [21, 22, [26] [27] [28] [29] to calculate the elastic wave equation. Details of this method are shown in Appendix A. The finite-difference (FD) method is a crucial numerical tool in the modeling of earthquake ground motion, and the staggered-grid FD algorithm is one of the most popular FD schemes and has been proved to be flexible and relatively accurate in the analysis of wave propagation problems [27, 29, 30] . The staggered-grid FD algorithm computes the pressure at a set of spatial points, and the velocity at another set of spatial points [31] . One of the attractive features of the staggered-grid approach is the velocities are updated independently from the stresses, which allows for a very efficient and concise implementation scheme [27] .
Quantitative Evaluation of the Shale Anisotropy's Impact
In order to analyze the shale anisotropy's impact on the seismic wavefield, the comparison between seismic data with and without anisotropy is needed. We use the envelope misfit EM and the phase misfit PM to perform the quantitative evaluation. These two parameters are put forward by Kristek [30] to evaluate both the difference in the amplitude and phase between two signals. Let S REF (t) be the reference data and S(t) be the data to be compared, the envelope misfit EM is
and the phase misfit PM is
whereŜ REF (t) andŜ(t) are the analytical signals of S REF (t) and S(t), respectively (an analytical signal is a complex-valued function that has no negative frequency components, its real and imaginary parts are real-valued functions related to each other by the Hilbert transform [32] ). |z| is the modulus of a complex number z and Arg(z) is the principal value of z's argument. From Equations (4) and (5), it can be seen that the envelope misfit EM and the phase misfit PM are the relative average errors of two waveforms. If the value of EM is 1, it means that the average amplitude difference between the two signals is doubled. For PM, if its value is 1, the polarities of all seismic phases in two signals are completely opposite.
In this paper, we use the following steps ( Figure 1 ) to quantitatively evaluate the impact of shale anisotropy on seismic wavefield:
1.
Set the parametric medium model M 0 (without anisotropy) according to the geological characteristics of shale reservoirs or the actual oilfield models. Add three sets of different anisotropic parameters to the shale layer of model M 0 and establish three different medium models with shale anisotropy, i.e., M E (ε = 0.25, δ = 0), M D (ε = 0, δ = 0.25), and M ED (ε = 0.25, δ = 0.25). The parameters of model M ED are reasonably geologically chosen from several shale anisotropy studies in China ( [9, 17] ), while the other two models (M E and M D ) are built based on the variable-controlling approach, for the purpose of exploring the impact of different anisotropy parameters; 2.
Use In this paper, we use the following steps ( Figure 1 ) to quantitatively evaluate the impact of shale anisotropy on seismic wavefield:
1. Set the parametric medium model M0 (without anisotropy) according to the geological characteristics of shale reservoirs or the actual oilfield models. Add three sets of different anisotropic parameters to the shale layer of model M0 and establish three different medium models with shale anisotropy, i.e., ME ( = 0.25, = 0), MD ( = 0, = 0.25), and MED ( = 0.25, = 0.25). The parameters of model MED are reasonably geologically chosen from several shale anisotropy studies in China ( [9, 17] ), while the other two models (ME and MD) are built based on the variable-controlling approach, for the purpose of exploring the impact of different anisotropy parameters; 2. Use the forward modeling method to calculate the elastic wavefields of four medium models ( for model M0, for model ME, for model MD, and for model MED); 3. Compare the seismic wavefields with each other and calculate the envelope misfit EM and the phase misfit PM of the wavefield / / from . Evaluate the impact of shale anisotropy on elastic seismic wave response. 
Evaluation of Simulation Models
In this section, we set two synthetic models of different complexity and used our method to evaluate the impact of anisotropy on their seismic wavefield. Based on the geological sedimentary characteristics of actual shale strata, we set two models, i.e., the horizontal layered VTI model and the curved layered TTI model.
Horizontal Layered VTI Model
Parameters and Wavefield Data
The horizontal layered VTI model, seismic source, and observation system are shown in Figure 2 . This model has three layers and the shale reservoir is located in the middle. Details of each layer's Energies 2019, 12, 4412 5 of 20 parameters are shown in Table 1 . An explosion source is situated in the center of the surface (1000, 1000, 0 m) with the Ricker wavelet time function (20 Hz) . There are two crossing survey lines distributed along the X direction and the Y direction, respectively, each with 201 geophones and 10 m spacing. The grid number is 201 × 201 × 201 (X/Y/Z) with the spatial spacing 10 m and the time sampling interval is 0.5 ms. According to the steps in Section 2.2 (Figure 1 ), the horizontal layered VTI model in Figure 2 is set as model M 0 (without anisotropy). We added three groups of anisotropic parameters to the shale layer and built up three different anisotropic models, i.e., M E (ε = 0.25, δ = 0), M D (ε = 0, δ = 0.25), and M ED (ε = 0.25, δ = 0.25).
the curved layered TTI model.
Horizontal Layered VTI Model
Parameters and Wavefield Data
The horizontal layered VTI model, seismic source, and observation system are shown in Figure  2 . This model has three layers and the shale reservoir is located in the middle. Details of each layer's parameters are shown in Table 1 . An explosion source is situated in the center of the surface (1000, 1000, 0 m) with the Ricker wavelet time function (20 Hz) . There are two crossing survey lines distributed along the X direction and the Y direction, respectively, each with 201 geophones and 10 m spacing. The grid number is 201 × 201 × 201 (X/Y/Z) with the spatial spacing 10 m and the time sampling interval is 0.5 ms. According to the steps in Section 2.2 (Figure 1 ), the horizontal layered VTI model in Figure 2 is set as model M0 (without anisotropy). We added three groups of anisotropic parameters to the shale layer and built up three different anisotropic models, i.e., ME ( = 0.25, = 0), MD ( = 0, = 0.25), and MED ( = 0.25, = 0.25).
Figure 2.
Multi-layered VTI model, source, and observation system. The red star is the source; the blue dots are the detectors distributed on two survey lines (402 geophones in total, with 10 m spacing). For models M0/ME/MD/MED, the seismic waveform records of 402 geophones are respectively synthesized ( / / / ). The three-component waveforms of model M0, namely , is shown in Figure 3a The reason for this is that the horizontal coordinates of the two survey lines are different (line 1 is arranged along the X direction, and line 2 is along the Y direction). Therefore, for an explosive seismic source, the received X-and Y-waveforms are different, while the Z-component records of two lines are the same, because the symmetry axis of the medium is along the vertical direction (VTI medium).
waveforms are different, while the Z-component records of two lines are the same, because the symmetry axis of the medium is along the vertical direction (VTI medium).
Considering that surface seismic exploration usually uses a single-component (generally Zcomponent) detector, our study mainly focuses on analyzing the influence of shale anisotropy on the Z-component waveforms. It can be seen from Figure 3c that the Z-component wavefield has four strong phases. Based on the analysis in Figure 3d , these four phases respectively correspond to direct P wave, reflected P-P wave, reflected P-SV wave, and P-P-P-P wave. Considering that surface seismic exploration usually uses a single-component (generally Z-component) detector, our study mainly focuses on analyzing the influence of shale anisotropy on the Z-component waveforms. It can be seen from Figure 3c that the Z-component wavefield has four strong phases. Based on the analysis in Figure 3d , these four phases respectively correspond to direct P wave, reflected P-P wave, reflected P-SV wave, and P-P-P-P wave. 
Effect of Anisotropy on Different Seismic Phases
Seismic waves with different phases (direct P/S, reflected, or transmitted wave) propagate in different paths, so the impact of shale anisotropy on them may also be different. Figure 4 shows the comparison of waveforms from model M ED (ε = 0.25, δ = 0.25) and M 0 (ε = 0, δ = 0).
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1.
Direct P wave. The first seismic phases (direct P wave) of two models are exactly the same. From its propagation path (Figure 3d ), we can see that the direct P wave traveled from the seismic source to the detector through the surface, so it is not affected by the shale anisotropy.
2.
Transmitted and reflected P-P-P-P wave. The fourth seismic phases (P-P-P-P wave, its propagation path is shown in Figure 3d ) are totally different. When adding anisotropy to the shale layer, the velocities of P-waves along different directions propagating in it are changed and not the same. So this seismic wave's arrival time, amplitude and phase are all influenced by shale anisotropy.
3.
Reflected P-P wave and P-SV wave. The arrival time of the second and third phases (reflected P-P and P-SV waves, their paths are shown in Figure 3d ) is the same, while their amplitudes are different. The reasons for this are probably because:
• Arrival time. These two waves are both reflected at the interface of the first layer and the shale layer. The first layer is isotropic, so we can use the Snell's law to analyze the reflection:
where v P1 is the velocity of incident P-wave (same as the reflected P-wave's velocity) and v S1 is the reflected SV-wave's velocity at the interface, respectively, θ 1 and φ 1 are the corresponding angles ( Figure 5a ). When we added anisotropy to the shale layer, velocities of P and S wave in the first layer are not changed, so v P1 and v S1 remain unchanged. From Equation (6), we can find that θ 1 , θ 2 , and the propagation paths are not influenced by anisotropy, so is the arrival time.
•
Amplitude. The amplitude of reflected P and SV waves can be evaluated using the anisotropic reflectivity and transmissivity calculator code by Malehmir and Schmitt [19] . According to the observation system and source location (Figure 2 ), the maximum incident angle θ 1 of P wave between the first and second (shale) layer is about 32 • . Then, we set θ 1 from 0 to 35 • and calculate the reflection coefficients of reflected P and SV waves. The differences of reflection coefficients with and without anisotropy are shown in Figure 5b . We can find that when adding anisotropy to the VTI model (Figure 2) , the reflection coefficients of reflected P and SV waves are both changed. Considering that the propagation paths of these two waves are unchanged, so the Z-component amplitudes of reflected P-P and P-SV waves are influenced by the shale anisotropy.  Amplitude. The amplitude of reflected P and SV waves can be evaluated using the anisotropic reflectivity and transmissivity calculator code by Malehmir and Schmitt [19] .
According to the observation system and source location (Figure 2 ), the maximum incident angle of P wave between the first and second (shale) layer is about 32°. Then, we set from 0 to 35° and calculate the reflection coefficients of reflected P and SV waves. The differences of reflection coefficients with and without anisotropy are shown in Figure 5b . We can find that when adding anisotropy to the VTI model (Figure 2) , the reflection coefficients of reflected P and SV waves are both changed. Considering that the propagation paths of these two waves are unchanged, so the Z-component amplitudes of reflected P-P and P-SV waves are influenced by the shale anisotropy. Reflection at the interface between first and second (shale) layer in the VTI model (Figure 2 ). θ and ϕ are the angles of P and SV waves, respectively. (b) Reflection coefficients' differences of models with and without anisotropy (MED and M0). Solid and dash line indicates reflected P and SV waves, respectively.
Amplitude and Phase Misfit by Anisotropy
Using the forward modeling method in Section 2.1, we synthesized the seismic waveforms of the four medium models M0/ME/MD/MED ( / are 0/0, 0.25/0, 0/0.25, and 0.25/0.25). Based on Equations (4) and (5), we calculated the wavefields' amplitude deviation EM and phase deviation PM of the anisotropic model ME/MD/MED from the model M0 (without anisotropy). The results are shown in Figure 6 . Here, the normalized epicentral distance (i.e., epicentral distance divided by wavelength) is used. From Figure 6 , we can see the following points:
•
The amplitude deviation EM and phase deviation PM of the two survey lines in Z-component are significantly larger than their X-and Y-components, which indicates that anisotropy has a more significant influence on the vertical component. It is speculated that the reason may be that the propagation distance of the seismic wave in the vertical direction is larger than that in the horizontal direction and the medium model's symmetric axis is along the vertical direction.
The maximum EM of the two survey lines in Z-component is greater than 1, which indicates that the waveform's amplitude will be significantly affected by the shale anisotropy. In actual seismic exploration, the amplitude is of great importance to the inversion of reservoir parameters, so ignoring anisotropy may lead to errors in reservoir characterization.
The Z-component phase deviation PM of the two survey lines reaches 0.4. As is mentioned above, if PM is 1, the polarities of the two signals are completely opposite. So this means that the waveforms' phase morphology is also largely changed due to anisotropy. The inaccurate phase Figure 6 . Here, the normalized epicentral distance (i.e., epicentral distance divided by wavelength) is used. From Figure 6 , we can see the following points:
The Z-component phase deviation PM of the two survey lines reaches 0.4. As is mentioned above, if PM is 1, the polarities of the two signals are completely opposite. So this means that the waveforms' phase morphology is also largely changed due to anisotropy. The inaccurate phase may lead to the low resolution of migration imaging results, which also affects the processing and interpretation of actual exploration seismic data.
The amplitude deviation EM and phase deviation PM of X/Y/Z components on two sides of the source are symmetrical, which is caused by the symmetry axis's verticality of the VTI model. Moreover, the EM all increases with the increase of epicentral distance (offset), while the PM increases first and then decreases. This may because the maximum value of the difference in phase is the odd multiples of π. Therefore, if the phase's difference gradually increases from 0 to 2π, the difference in waveform's phase will become bigger first and then smaller, and the calculated PM will also increase first and then decrease correspondingly.
In most of the results, the deviations of the model M ED (ε = 0.25, δ = 0.25) are relatively larger than the other two models M E (ε = 0.25, δ = 0) and M D (ε = 0, δ = 0.25).
Energies 2019, 12, x FOR PEER REVIEW 9 of 22 may lead to the low resolution of migration imaging results, which also affects the processing and interpretation of actual exploration seismic data.
In most of the results, the deviations of the model MED ( = 0.25, = 0.25) are relatively larger than the other two models ME ( = 0.25, = 0) and MD ( = 0, = 0.25). 
Curved Layered TTI Model
In this section, we analyzed shale anisotropy's impact on the seismic wavefield of a curved multi-layer TTI model [28] . The geometry of the medium model, source, and observation system is shown in Figure 7 . Parameters for the wavefields' forward modeling are the same as Section 3.1. Details of each layer's parameters are listed in Table 2 and the shale reservoir is located in the middle. The dip angle of TTI media's symmetry axis is 40 • and the azimuth angle is 0 • . Similar to Section 3.1, when anisotropic parameters are added to the shale layer, four models are respectively set: M 0 (ε = 0, δ = 0), M E (ε = 0.25, δ = 0), M D (ε = 0, δ = 0.25), and M ED (ε = 0.25, δ = 0.25).
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In this section, we analyzed shale anisotropy's impact on the seismic wavefield of a curved multi-layer TTI model [28] . The geometry of the medium model, source, and observation system is shown in Figure 7 . Parameters for the wavefields' forward modeling are the same as Section 3.1. Details of each layer's parameters are listed in Table 2 and the shale reservoir is located in the middle. The dip angle of TTI media's symmetry axis is 40° and the azimuth angle is 0°. Similar to Section 3.1, when anisotropic parameters are added to the shale layer, four models are respectively set: M0 ( = 0, = 0), ME ( = 0.25, = 0), MD ( = 0, = 0.25), and MED ( = 0.25, = 0.25). The seismic waveform records of 402 geophones are respectively forward synthesized for four models M0, ME, MD, and MED. The comparison of Z-component wavefields with and without anisotropy in the first survey line (geophone No.1-No.201) is shown in Figure 8 , and the waveforms of eight different epicentral distance detectors (−1000/−600/−200/+200/+400/+1000 m, the positive and the negative sign indicate that the detectors are on left and right sides of the seismic source, respectively) are shown in Figure 9 . From Figures 8 and 9 , it can be seen that before and after anisotropy is added, except the direct P wave is not affected, the subsequent phases are all affected by different degrees. When adding shale anisotropy, the amplitude of reflected P-P wave (the second phase) is increased. The arrival time, phase, and amplitude of the other phases (P-SV, P-P-P-P, multiple waves, etc.) are all changed due to the shale anisotropy. The seismic waveform records of 402 geophones are respectively forward synthesized for four models M 0 , M E , M D , and M ED . The comparison of Z-component wavefields with and without anisotropy in the first survey line (geophone No.1-No.201) is shown in Figure 8 , and the waveforms of eight different epicentral distance detectors (−1000/−600/−200/+200/+400/+1000 m, the positive and the negative sign indicate that the detectors are on left and right sides of the seismic source, respectively) are shown in Figure 9 . From Figures 8 and 9 , it can be seen that before and after anisotropy is added, except the direct P wave is not affected, the subsequent phases are all affected by different degrees. When adding shale anisotropy, the amplitude of reflected P-P wave (the second phase) is increased. The arrival time, phase, and amplitude of the other phases (P-SV, P-P-P-P, multiple waves, etc.) are all changed due to the shale anisotropy. Figure 10 , we can find that:
•
Same as the VTI model, the EM and PM of Z-component are still larger than that of X-and Ycomponents. The maximum EM is still greater than one, and the maximum PM is about 0.5 (relatively large; if PM is 1, the polarities of all phases of the two signals are entirely opposite). • Unlike the VTI model, with the increase of epicentral distance, the variation trend of EM and PM are complicated. Moreover, the EM and PM of Y-component are symmetrical, while the X-and Zcomponents are not. The reasons are probably because the shape and structure of TTI model are complex, and its symmetry axis is not along the vertical direction. These phenomena prove that the impact of shale anisotropy relies heavily on the model.
In most of the results, the deviations of models M ED , M E , and M D from M 0 are close to each other. This indicates that the impact of different anisotropic parameters on the wavefield is complicated in the curved TTI model, and the influence strength of each parameter cannot be determined simply as the horizontal layered VTI model. model are complex, and its symmetry axis is not along the vertical direction. These phenomena prove that the impact of shale anisotropy relies heavily on the model.
In most of the results, the deviations of models MED, ME, and MD from M0 are close to each other. This indicates that the impact of different anisotropic parameters on the wavefield is complicated in the curved TTI model, and the influence strength of each parameter cannot be determined simply as the horizontal layered VTI model. 
Evaluation of JY Depression Model
Through the analysis of the simulation VTI and TTI model, we find that if the medium model is complex (shape is distorted and the symmetry axis is inclined), the influence of shale anisotropy on wavefield is complicated and requires specific analysis. In this section, we try to apply the established evaluation method (Figure 1) to quantitatively analyze the anisotropic influence of an actual shale model (Jiyang depression model) in eastern China from China Petrochemical Corporation (Sinopec). Figure 11 shows the geometry and velocity parameters of the 3D JY (Jiyang) depression model, and the location of the seismic source and two survey lines (with 402 geophones). When setting the JY depression model, we did some compression along the X direction and conducted continuation modeling along the Y direction. The shale layer (red) is located in the middle and we add four groups of different anisotropic parameters to it, thus set four models, i.e., M 0 (ε = 0, δ = 0), M E (ε = 0.25, δ = 0), M D (ε = 0, δ = 0.25), and M ED (ε = 0.25, δ = 0.25). The grid number of the model is 201 × 201 × 201 with spatial size 10 × 10 × 10 m and the time sampling interval is 0.5 ms. The explosive source is located in the center of the surface (1000, 1000, 0 m) and the source time function is Ricker wavelet (20 Hz) .
For four models (M 0 /M E /M D /M ED , with different shale anisotropy), the seismic waveform records of each detector are forward simulated, respectively. Figure 12 shows the comparison of the Z-component wavefield of line 1 (trace numbers No.1-No.201, Figure 11 ) with and without the shale anisotropy. Figure 13 illustrates the comparison of Z-component waveforms of eight detectors (with different epicentral distances). and the location of the seismic source and two survey lines (with 402 geophones). When setting the JY depression model, we did some compression along the X direction and conducted continuation modeling along the Y direction. The shale layer (red) is located in the middle and we add four groups of different anisotropic parameters to it, thus set four models, i.e., M0 ( = 0, = 0), ME ( = 0.25, = 0), MD ( = 0, = 0.25), and MED ( = 0.25, = 0.25). The grid number of the model is 201×201×201 with spatial size 10 × 10 × 10 m and the time sampling interval is 0.5 ms. The explosive source is located in the center of the surface (1000, 1000, 0 m) and the source time function is Ricker wavelet (20 Hz). For four models (M0/ME/MD/MED, with different shale anisotropy), the seismic waveform records of each detector are forward simulated, respectively. Figure 12 shows the comparison of the Zcomponent wavefield of line 1 (trace numbers No.1-No.201, Figure 11 ) with and without the shale anisotropy. Figure 13 illustrates the comparison of Z-component waveforms of eight detectors (with different epicentral distances).
Since the shape and structure of the JY model are very complex, it is difficult to analyze the impact of each seismic phase accurately. However, from Figures 12 and 13 , we can clearly see that when anisotropy is added, in addition to the direct wave, the subsequent seismic phases are all affected and changed. Moreover, comparing the waveforms of detectors on the left and right side of the seismic source (located at trace No.101), it can be seen that their waveforms are not symmetrical and are affected by different degrees. Since the shape and structure of the JY model are very complex, it is difficult to analyze the impact of each seismic phase accurately. However, from Figures 12 and 13 , we can clearly see that when anisotropy is added, in addition to the direct wave, the subsequent seismic phases are all affected and changed. Moreover, comparing the waveforms of detectors on the left and right side of the seismic source (located at trace No.101), it can be seen that their waveforms are not symmetrical and are affected by different degrees.
After the forward modeling of the JY Depression model, similar to Sections 3.1 and 3.2, we analyzed the waveforms' EM and PM of the anisotropic model M E /M D /M ED from the model M 0 (without anisotropy). Figure 14 illustrates the calculation results. Here, the deviation results of Z-and Xcomponents are still from the first survey line, while the Y-component results are from the second survey line (Figure 11 ). From Figure 14 , we can find that:
•
Similar to VTI and TTI model, the EM and PM of Z-component are still significantly larger than those of the X-and Y-horizontal components. The maximum EM is greater than one and the maximum PM reaches up to 0.5, which indicates that the impacts of anisotropy on the amplitude and phase are remarkable. (without anisotropy). Figure 14 illustrates the calculation results. Here, the deviation results of Z-and X-components are still from the first survey line, while the Y-component results are from the second survey line (Figure 11 ). From Figure 14 , we can find that:
• Similar to VTI and TTI model, the EM and PM of Z-component are still significantly larger than those of the X-and Y-horizontal components. The maximum EM is greater than one and the maximum PM reaches up to 0.5, which indicates that the impacts of anisotropy on the amplitude and phase are remarkable. 
Discussion and Conclusions
In order to study the impact of shale anisotropy on the seismic wavefield, we proposed a new quantitative evaluation method to calculate the waveform deviations of the anisotropic model from the regular model (without anisotropy). Based on the 3D elastic wave equation and the staggered-grid finite-difference method, the forward modeling theory of the three-component seismic wavefield considering the shale anisotropy was established. Then, we used the envelope misfit (EM) and the phase misfit (PM) to illustrate the differences in waveforms' amplitude and phase morphology caused by anisotropy. Finally, by comparing the waveforms of the models with/without anisotropy and calculating their EM and PM, we can quantitatively evaluate the impact of shale anisotropy on the seismic wavefield.
We applied the proposed method to analyze the anisotropy's effect on two simulation models (horizontal layered VTI model and curved layered TTI model) and one actual oilfield model (JY depression model). Tests on simulation and oilfield models prove that the proposed evaluation method is valid and efficient. Moreover, we gained some new cognitions about the anisotropy's effects. (1) The amplitude and phase deviations caused by anisotropy are significant, with EM lager than 1 and PM up to 0.5. Considering that the EM and PM are the relative deviations of two signals, this means that the shale anisotropy may cause the waveforms' amplitudes and phase shapes to be affected by a relatively high level.
(2) Anisotropy's impacts on seismic waveform's vertical and horizontal components are different. In most cases, seismic surveys at the surface use the single-component (Z-component) detectors, so during the data interpretation, the Z-component records are adopted. We found that for these three different models, the anisotropy's effect on the Z-component is larger than the other X/Y components. (3) The impact of anisotropy on each detector depends on its offset from the source. When the geophones are set at the surface, for the horizontal layered VTI model, as the offset increases, the EM increases while the PM increases first then decreases. Moreover, the anisotropy's effects on two sides of the seismic source are symmetrical. However, for the curved layered TTI model and JY depression model, the variation trend is not clear. This illustrates that the anisotropy's impact relies heavily on the structure and symmetry axis of the medium model. (4) The influences of different anisotropy parameters on seismic wavefield are different. Based on the variable-controlling approach, we set three different anisotropic models (M E /M D /M ED , whose ε/δ are 0.25/0, 0/0.25, and 0.25/0.25, respectively). For the VTI model, the deviations of M ED from M 0 (without anisotropy) are the largest, while for the other two models (TTI and JY model), the deviations of M E /M D /M ED are about at the same level.
According to our research, the impact of shale anisotropy on seismic wavefield is complicated and cannot be simply judged. So, for a particular oilfield model, we need specific analysis. The proposed method provides a useful and quantitative tool for anisotropy's evaluation. Furthermore, by using this method and calculating the waveform misfits from the actual seismic data, we can evaluate the accuracy of different anisotropic models and find the most suitable model for seismic data interpretation. Based on this idea, the anisotropic parameters inversion can be performed by seeking the minimum deviations between the synthetic and the actual seismic wavefield data. Moreover, as detectors with different offsets are affected differently, we can identify the observation area where the detectors are less affected by the shale anisotropy, then use the traditional interpretation method to process the selected wavefield data, so as to improve the accuracy and reliability of sweet spots prediction and reservoir characterization. 
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Appendix A. Staggered-Grid Finite-Difference Algorithm
In this paper, we used the staggered-grid finite-difference algorithm [21, 22, [26] [27] [28] to compute the seismic wavefield. This section gives a detailed introduction on this method. The 3D elastic wave equation can be written as:
where x and t are the space and time variables, subscript 1/2/3 refers to the X/Y/Z direction of space. ρ(x) is the density and v i (x, t) is the particle velocity, T ij (x, t) is the stress tensor, and F i (x, t) is the external force. For the VTI (vertical transversely isotropic) medium: 
in which c ijkl is the stiffness matrix and can be represented by v p z /v s z /ε/δ/γ (see Equation (2) and Section 2.1). The staggered-grid finite-difference algorithm is built based on the following principle in order to approximate partial derivatives:
where k m is the finite difference coefficient (calculated by solving the Vandermonde matrix [33] ) and N is the order number (we use the 5-th order during the forward modeling in this paper). Following Equation (A3), the displacement velocity in Equation (A1) yields the following approximations (here shows v 1 for example):
